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An electromagnetic weld pool support system for 20 mm thick duplex stainless steel AISI 2205
was investigated numerically and compared to experiments. In our former publications, it was
shown how an alternating current (AC) magnetic field below the process zone directed
perpendicular to the welding direction can induce vertically directed Lorentz forces. These can
counteract the gravitational forces and allow for a suppression of material drop-out for austenitic
stainless steels and aluminum alloys. In this investigation, we additionally adopted a steady-state
complex magnetic permeability model for the consideration of the magnetic hysteresis behavior
due to the ferritic characteristics of the material. The model was calibrated against the
Jiles—Atherton model. The material model was also successfully tested against an experimental
configuration before welding with a 30 mm diameter cylinder of austenitic stainless steel sur-
rounded by duplex stainless steel. Thereby, the effects of the Curie temperature on the magnetic
characteristics in the vicinity of the later welding zone were simulated. The welding process was
modeled with a three-dimensional turbulent steady-state model including heat transfer and fluid dy-
namics as well as the electromagnetic field equations. Main physical effects, the thermo-capillary
(Marangoni) convection at the weld pool boundaries, the natural convection due to gravity as well
as latent heat of solid-liquid phase transitions at the phase boundaries were accounted for in the
model. The feedback of the electromagnetic forces on the weld pool was described in terms of the
electromagnetic-induced pressure. The finite element software COMSOL Multiphysics 4.2 was
used in this investigation. It is shown that the gravity drop-out associated with the welding of
20 mm thick duplex stainless steel plates due to the hydrostatic pressure can be prevented by the
application of AC magnetic fields between around 70 and 90mT. The corresponding oscillation
frequencies were between 1 and 10 kHz and the electromagnetic AC powers were between 1 and
2.3kW. In the experiments, values of the electromagnetic AC power between 1.6 and 2.4 kW at os-
cillation frequencies between 1.2 and 2.5 kHz were found to be optimal to avoid melt sagging or
drop-out of melt in single pass full-penetration laser beam welding of 15 and 20 mm thick AISI
2205.© 2016 Laser Institute of America. [http://dx.doi.org/10.2351/1.4943906]

Key words: laser beam welding, electromagnetic weld pool support, duplex stainless steel,
numerical simulation

I. INTRODUCTION

Today, typical laser beam welds have many advantages
compared to traditional arc welding methods, e.g., the low
heat input and the high welding velocity.! In combination
with the availability of industrial laser beam sources with
steadily increasing output power and simultaneously higher
beam quality, cost-effective single pass welding of thick metal
components became possible.> Furthermore, this technique is
favorable in terms of keyhole stability and also from mechani-
cal point of view especially when regarding residual stresses.

1938-1387/2016/28(2)/022404/9/$28.00
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In full-penetration welding mode of steel plates above
15mm thickness, weld bead sagging or even a dropout of
molten material can occur due to the dominance of the hydro-
static pressure compared to balancing surface tension forces.
Conventionally, weld bead backing systems are required
which include the need to be removed after welding costly
and which can even disturb the welding process by the inter-
ference of the keyhole degassing at the root side of the weld.

High power laser beam welding allows for an electro-
magnetic manipulation of the process. In previous experi-
ments and numerical simulations for austenitic stainless steel

© 2016 Laser Institute of America
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FIG. 1. Sketch of the electromagnetic weld pool support taken from Ref. 6.

and aluminum,>” it was shown that oscillating magnetic
fields below the weld specimen perpendicular to the welding
direction can induce Lorentz forces in the melt that are able
to balance the hydrostatic pressure in the melt contactless by
the interaction of the externally applied magnetic field B
with the induced eddy currents j. The resulting time-
averaged Lorentz force

FL = (j xB) )]

is directed mainly in vertical direction. A sketch of the posi-
tion of the AC magnet below the weld specimen can be seen
in Fig. 1.

The Lorentz forces due to an oscillating magnetic field
are concentrated within the skin depth ¢ of the applied mag-
netic field

& = (muaf) ™, )

where u, o, and f are the magnetic permeability, electrical
conductivity, and the oscillation frequency. When reaching
the skin depth of a material, the magnetic flux density has
decreased by a factor of 1/e (around 0.37) compared to its
original value.

In several welding applications relevant to special safety
restrictions, e.g., pipelines in protected areas, chemical reac-
tors or even containers for nuclear waste, a safe and reliable
welding process is especially important. For the above-
mentioned applications, duplex stainless steel is often used
due to its combination of favorable corrosion resistance and
mechanical strength.® These steel grades have physical prop-
erties in between austenitic and ferritic steels. During welding,
the treatment of the magnetic properties in duplex steels needs
to be handled with care as there is a coexistence of regions
with and without ferritic properties due to the process temper-
atures being above the Curie temperature, see Fig. 2.

Thus, the magnetic field lines bend around the hot region
in the vicinity of the weld pool. Furthermore, the nonlinear
magnetic hysteresis effects when applying an oscillating
magnetic field need to be considered.

Bachmann et al.
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FIG. 2. Schematic magnetic field distribution in duplex stainless steel under
consideration of the Curie temperature.

Il. NUMERICAL MODELING

The numerical investigation of the complete inductive
weld pool support process consists of a steady-state fluid-
thermal simulation coupled to a frequency-domain calcula-
tion of the electromagnetic field quantities. This approach
allows for a calculation of all involved physical quantities
with comparable effort in contrast to a transient simulation
with time scales of the electromagnetic fields being much
smaller than for the heat transfer. The partial differential
equations for the heat transport as well as for the conserva-
tion of mass and momentum were solved iteratively. This so-
lution in terms of temperature and velocities was then taken
as the reference solution and coupled unidirectional to the
Maxwell equations. The formula apparatus for the noniso-
thermal fluid dynamics calculation routine is fully described
in Ref. 7. Marangoni flow stress, natural convection, and
latent heat of fusion were considered. This model is referred
to as process model.

In order to simulate the electromagnetic weld support
for duplex stainless steel AISI 2205, its nonlinear hysteresis
properties must be considered. The model of Jiles and
Atherton (JAM) was adapted according to Ref. 9 to describe
the magnetic hysteresis

M = M, +Mreva (3)

Moy = C(Man - Mirr)7 “4)

symmetry

B,=0 _
=0 AISI 2205 B,=0

:‘7 B,=0
' _magpnetic field B,=0 magnet pole
—

1 B,=B

I control

FIG. 3. Transient 2D model for the calculation of the magnetic hysteresis
model.
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FIG. 4. Magnetic hysteresis for duplex stainless steel taken from Ref. 11 and
its calculated approximation for the Jiles-Atherton model.

H, a
My = Mg |cot— — —|, 5
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dH I OC(Man - Mirr)
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Here, the magnetization M was divided into irreversible M;,,
and reversible parts M..,. M,, is the anhysteretic magnetiza-
tion curve and H, is the effective magnetic field. The model
describes the complex magnetic behavior with five parame-
ters. These parameters can be derived from the hysteresis
curve with the method of least squares.'® Considering the nu-
merical costs, running the JAM simulation transiently is not
well suited for a 3D process simulation. Therefore, we devel-
oped a 2D model cutting a plane of the process model at the
laser axis position perpendicular to the weld direction, see
Fig. 3. Thus, three-dimensional effects of the electromagnetic
fields, e.g., due to the magnet pole geometry or the tempera-
ture dependent electrical conductivity were not considered.
Figure 4 shows the comparison between the hysteresis
loop taken from the literature'' and the results from the model.
The calculated parameters for the JAM are shown in Table L.
Another possibility to include hysteresis effects in the
simulations is by the use of a complex permeability'?

W= f i ®)

Hereby, the hysteresis loop was approximated by an elliptic
curve in the H-B space. Hence, magnetic saturation effects
were not included in the model which was not significant for
the magnetic flux densities used in this investigation. The
complex permeability is a good compromise between

TABLE I. Results of the parameter calculation for the JAM.

M, k a o c

610kA/m 24.2kA/m 834.4 A/m 0.0063 0.0001

Bachmann et al. 022404-3
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FIG. 5. Exemplary normalized magnetic flux density distribution from the
JAM at an oscillation frequency of 3 kHz.

complexity and accuracy and can also be implemented in
steady-state time-harmonic solvers. The link between the
JAM and the complex permeability model can be done by
the need for equality of the total magnetic hysteresis losses
in the calculation domain (see Fig. 3). The time-averaged
magnetic hysteresis losses Py ¢ per unit volume read

1( OB
Pross = ; JO (H . (9[) dt. 9)

In the end, the coefficients for the complex permeability can
be derived from

1 JPLosst
"= 3 , (10)
T ko JH rMs - HrymsdV
JBRMS - BrmsdV
K, = Re St an

15 JHRMS - HrypisdV

This yields for the complex permeability

20
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FIG. 6. Exemplary normalized magnetic flux density distribution from the
complex permeability model at an oscillation frequency of 3 kHz.
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FIG. 7. Temperature-dependent real and imaginary part of the complex
magnetic permeability.

TABLE II. Material properties of duplex stainless steel at melt temperature
(Ref. 13).

Material parameter AISI 2205
Solidus temperature 1589K
Liquidus temperature 1715K
Evaporation temperature 3000K
Curie temperature 787K
Mass density 7200 kg/m?
Heat capacity in solid 419J/kg K
Heat capacity in liquid 808 J/kg K
Thermal conductivity in solid 18.8 W/m K
Thermal conductivity in liquid 41.8W/mK
Latent heat of fusion 270 x 10%J/kg
Dynamic viscosity 8.5x 10 *Pas
Coefficient of thermal expansion 1x107° 1/K

Surface tension coefficient —4.29 x 10"* N/m K

13

1.2

o = L
© =} =

e
©

Electric conductivity in MS/m

0.7

0.6

i i i i i
0 500 1000 1500 2000 2500 3000 3500
Temperature in K

FIG. 8. Temperature-dependent electric conductivity.

Bachmann et al.

TABLE III. Parameters of the numerical model.

Plate thickness 20 mm
Welding velocity 0.6 m/min
Magnet pole width and height 25 mm
Distance magnet/workpiece 2mm
Distance magnet poles 25 mm
1, = 10.89 + i5.23. (12)

That value was derived for an oscillation frequency of 3
kHz. It was found that the differences in yu, for typical oscil-
lation frequencies used for an inductive weld support
between 1 and 10 kHz could be neglected.

The differences in the peak magnetic flux densities for the
JAM and the complex permeability model in the configuration
shown in Fig. 3 can be seen in Figs. 5 and 6. The maximum of
the magnetic flux density is located above the air gap between
the magnet poles in both cases. Qualitatively, both models
agree very well. For the process simulations, only the complex
permeability model calibrated with the JAM was considered.

The magnetic permeability was included in the 3D pro-
cess model temperature-dependent to consider the effects
caused by the Curie temperature, above which the magnetic
behavior becomes ideal nonferromagnetic, see Fig. 7. The
implemented material model can be seen in Table II as well
as in Fig. 8. Geometrical details about the calculation
domains of the process model and boundary conditions can
be found in Ref. 7 as well as in Table III.

In the experiments, the magnetic field cannot be measured
directly. Therefore, a cold test model (without the heating due
to the laser beam) was set up to compare the simulated mag-
netic fields with experimental values measured by a Hall
probe before conducting the simulations for the process model
of the weld pool support, see Fig. 9. Three different configura-
tions were investigated to test the simulation model:

(a) Magnetic properties of pure austenitic steel, i.e., the
magnetic permeability was set to unity.

. \\
workpiece T

surrounding air

FIG. 9. Cold test model.
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FIG. 10. Results of the cold test measurements for the configuration with
austenitic stainless steel.

(b) Magnetic properties of pure duplex stainless steel, i.e.,
magnetic losses were accounted.

(c) A mixed model with austenitic stainless steel (nonfer-
romagnetic, green region in Fig. 9) surrounded by
duplex stainless steel (blue) to account for the demag-
netization that occurs during welding due to exceeding
the Curie temperature.

The results of the assisting welding experiments of
duplex stainless steel AISI 2205 can be found in an accom-
panying ICALEO publication.'*

lll. RESULTS AND DISCUSSION
A. Cold test model

The results of the cold test simulations compared to
accompanying measurements of the magnetic flux density
for austenitic stainless steel are shown in Fig. 10. Three dif-
ferent oscillation frequencies between 1.4 and 2.9 kHz were
chosen according to the experiences from previous work.’
The corresponding theoretical skin depths can be seen in
Table IV.

It shows that the simulations can reproduce the expected
behavior in the cold material very well. With increasing
oscillation frequency, the magnetic flux density decreases
with a steeper gradient for an increasing depth into the mate-
rial. Furthermore, the expected skin depth from Table IV
could be confirmed in the simulations as well as in the
experiments. The experiments and simulations were repeated
for configurations (b) and (c). Slight changes in the oscilla-
tion frequency are due to the experimental setup. They were
adapted in the simulations as well.

The results of the cold tests for configuration (b) with
duplex stainless steel can be seen in Fig. 11. Compared to

TABLE IV. Skin depth in austenitic stainless steel at room temperature.

Frequency in kHz 2.9 2.0 1.4
Skin depth in mm 8 10 12

Bachmann et al. 022404-5
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FIG. 11. Results of the cold test measurements for the configuration with
duplex stainless steel.

austenitic stainless steel, the skin depth for similar frequen-
cies is smaller associated with a steeper gradient in the bot-
tom region, which is due to the ferromagnetic effects there.
Furthermore, the absolute values of the magnetic flux density
are higher in configuration (b) compared to (a) for the same
conditions due to the relative magnetic permeability being
larger unity.

The results of configuration (c)—austenitic material sur-
rounded by duplex material—is shown in Fig. 12. Here, the
measured and calculated B curves are comparable to the case
with pure austenitic material. The computational results are
backed by the experiments very well.

B. Process model

In the next step, the electromagnetic model for duplex
stainless steel, which was calibrated by a series of cold tests,
was coupled to a nonisothermal reference solution of the
flow field and its associated temperature distribution. Under

20 v T T
i ® o f=1.2 kHz experiment
: ¢ ¢ f=1.8 kHz experiment
: m m f=2.5 kHz experiment
g 15t - o—o f=1.1 kHz simulation
£ ¢—¢ f=1.7 kHz simulation
£ Hée : ob—ao f=2.5 kHz simulation
,E ‘e : . . -
‘e
£ 10 ‘e :
i (K :
c $o :
S s
8 <
e st > Y AR
0
0 1 1 l
0.0 0.2 0.4 0.6 0.8 1.0

Normalized magnetic flux density

FIG. 12. Results of the cold test measurements for the configuration with
austenitic stainless steel (green region in Fig. 9) surrounded by duplex stain-
less steel (blue).
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zinmm
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FIG. 13. Temperature distribution as well as velocity vectors in the symme-
try plane for the reference case without electromagnetic weld pool support
for duplex stainless steel AISI 2205.

the assumption of fixed walls in the simulations, the
expected differences in the flow field and the heat distribu-
tion in the workpiece are expected to be small enough to be
neglected.7 Therefore, the numerical costs could be reduced
immense by simplifying the whole issue to a unidirectional
coupled simulation. The degree of compensation of the
hydrostatic pressure in the melt was done by a line integra-
tion of the time-averaged vertical component of the Lorentz
force along a vertical line in the symmetry plane at a position
2 mm behind the keyhole

Zmax

P() = prer(2) —j (FPdz. (13)

Zy

The results of the reference case in terms of temperature and
flow field distributions in the symmetry plane can be seen in
Fig. 13.

1500 T T T T T T
1000

500

=500

Pressure difference in Pa
o

optimal compensation

—1000|| ** f=1kHz
+— f=3 kHz
s—a =10 kHz :
—-1500 T T ! ! 1 1
0 20 40 60 80 100 120 140

Magnetic flux density in mT

FIG. 14. Simulation results of the electromagnetic compensation of the pres-
sure differences between upper and lower weld bead surfaces for austenitic
stainless steel for different oscillation frequencies. Dots indicate simulation
results.
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FIG. 15. Simulation results of the electromagnetic compensation of the pres-
sure differences between upper and lower weld bead surfaces for duplex
stainless steel for different oscillation frequencies. Dots indicate simulation
results.
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FIG. 16. Simulation results of the pressure distributions in the melt for
duplex stainless steel for the optimal cases for each oscillation frequency.
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FIG. 17. Simulation results of the vertical Lorentz force component in the
melt for duplex stainless steel for the optimal cases for each oscillation
frequency.
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FIG. 18. Results of the qualitative magnetic flux and electric current density
distributions from the computer simulations for austenitic and duplex stain-
less steel.

Near the free surfaces, large vortices due to Marangoni
stresses occur. The flow field in the middle of the weld bead
is nearly two-dimensional being directed in the horizontal
plane. The temperature distribution is shaped characteristi-
cally influenced by the strong convection at the surfaces. In
the middle region, where the conduction of heat is less
affected by the Marangoni flow, the temperature gradients
are smaller.

The results of the simulation for the electromagnetic
weld pool support in terms of pressure differences between
upper and lower weld bead surfaces for austenitic material as
well as duplex stainless steel with adapted complex magnetic

160 : ,
: e—e AISI 2205
140 =—a gustenitic stainless steel

80

Magnetic flux density in mT

40

0 2 4 6 8 10
Oscillation frequency in kHz

FIG. 19. Numerically predicted optimal magnetic flux densities for a com-
plete compensation of the hydrostatic pressure in 20 mm thick austenitic and
duplex stainless steel.
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TABLE V. Comparison of the accumulated electromagnetic power (mag-
netic losses and resistive losses in the specimen) from the simulations and
the experimentally measured AC power for duplex stainless steel AISI 2205.

Frequency AC power

Sim. 20 mm 1kHz 1.0kW
3kHz 1.4kW

10kHz 23kW

Exp. 15 mm 1.2kHz 1.6kW
1.7kHz 1.6kW

2.4kHz 1.6kW

Exp. 20 mm 1.8 kHz 1.7kW
2.5kHz 2.4kW

permeability model to account for the magnetic hysteresis
losses are shown in Figs. 14 and 15. The value for a mag-
netic flux density of O corresponds to the hydrostatic pressure
value at the bottom surface of the reference case. The given
value of the magnetic flux densities refers to the applied
boundary condition By, for the magnetic field between
the magnet poles in accordance to the cold tests conducted
previously. It shows that the magnetic flux density needed
for an optimal compensation of the hydrostatic pressure in
the melt decreases with increasing oscillation frequency.
This is in accordance to previous investigations.

The comparison between both materials reveals that the
optimal magnetic flux density for a given frequency and plate
thickness is smaller for the duplex material. The distributions
of the simulated optimal cases for the complete compensation
of the hydrostatic pressure and the corresponding Lorentz
force distributions for duplex stainless steel are shown in Figs.
16 and 17 for varying oscillation frequencies and correspond-
ing skin depths. The reference case in Fig. 16 shows the linear
increase of the hydrostatic pressure in the melt.

The changes in the required magnetic flux density for an
optimal compensation between austenitic and duplex stain-
less steel lies in the demagnetization effect of the duplex ma-
terial when being heated above the Curie temperature. In the
case of austenitic material, the magnetic flux density and the
electric current density are almost homogeneously distrib-
uted in the weld pool, still respecting the effects due to the fi-
nite size of the magnet poles and the electric conductivity in

Uyelg: 0.5 m/min
focus position: -4 mm
laser power: 8.5 kW
shielding gas: 26 I/min Ar

reference weld

1180 Hz
1573 W

1180 Hz
2443 W

oscillation frequency 1180 Hz
ac magnet power (rms) 756 W

FIG. 20. Experimental macrographs of 15 mm thick welds of duplex stain-
less steel AISI 2205 with increasing electromagnetic power of the weld sup-
port system.
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Uyeld: 0.5 m/min 1 m/min 0.5 m/min
focus position: -4 mm -4 mm -6 mm
laser power: 8.5 kW 10.9 kW 13.9 kW
shielding gas: 26 I/min Ar 26 I/min Ar 30 I/min Ar

1180 Hz
1573 W

1734 Hz
1569 W

oscillation frequency
ac magnet power (rms)

2418 Hz
1595 W

2418 Hz
1551 W

1792 Hz
1730 W

2526 Hz
2360 W

FIG. 21. Optimal compensated experimental macrographs of 15 and 20 mm thick welds of duplex stainless steel AISI 2205.

the keyhole being different from the surrounding material,
see Fig. 18. In the case of duplex material, the magnetic flux
density in front of the weld pool is higher compared to the
austenitic case as the temperature there lies below the Curie
temperature. Thus, the magnetic permeability is large com-
pared to the region around the weld pool that shows nonfer-
romagnetic behavior.

In the same way, the induced electric current density is
very high in front of the weld pool for duplex stainless steel.
As the region being heated above the Curie temperature
around the weld pool remains small and the distributions of
the magnetic field and the electric current density must be
continuous, these quantities are somewhat increased also in
the liquid zone compared to austenitic material. In the end,
the resulting Lorentz force is higher as well and the magnetic
flux density needed for an optimal compensation of the hydro-
static pressure in the melt becomes smaller, see Fig. 19.

The magnetic flux density cannot be measured directly
during the execution of the experiments due to the laser radi-
ation. Therefore, only measured values of the magnetic flux
density before welding are available. For duplex stainless
steel, there are strong changes in B due to the nonlinear rela-
tion to the magnetic field H at the interface between air and
the workpiece. During the welding process, the magnetic
flux density changes significantly due to the heating of the
material above the Curie temperature and corresponding
demagnetization. Therefore, a comparison between the
experiments and the simulations can only be done in terms
of electromagnetic power, see the values for the optimized
cases in Table V. The AC power from the experiments refers
to the product of the rms values of the measured voltages
and currents in the magnet circuit, whereas the values in the
simulations refer only to resistive losses and magnetic hys-
teresis losses in the workpiece.

The comparison shows a good agreement between
experiments and simulations, especially when regarding the
numerical simplifications of the magnetic hysteresis repre-
sented elliptically. Exemplary experimental results are shown
in Figs. 20 and Figs. 21. The experiments for 15 and 20 mm
thick AISI 2205 were done with a 20kW Yb:YAG fiber laser
from IPG Photonics and a TRUMPF TruDisk 16002 thin disk

laser, respectively. An analysis of the experimental results
obtained is published in an accompanying paper.'*

IV. SUMMARY

This paper describes a numerical and experimental
investigation of a contactless electromagnetic weld pool sup-
port system for duplex stainless steel AISI 2205.

The simulations as well as the experiments show the
good applicability of this technology to the single-pass full-
penetration high power laser beam welding of steels with fer-
romagnetic properties. It was found that an AC power of less
than 2.5 kW at oscillation frequencies between 1 and 10 kHz
was sufficient to compensate for the hydrostatic pressure of
20 mm thick material. This was also backed by experiments
conducted for material thicknesses of 15 and 20 mm.

In the future, the electromagnetic weld pool support sys-
tem will be tested with the important material class of ferro-
magnetic steels.
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